The long-lasting X-ray plateau emission in long gamma-ray bursts (GRBs) shows observational evidence for ongoing energy injection, which may be from magnetar spindown due to energy released via either magnetic dipole (MD) or gravitational wave (GW) radiation. In this paper, by systematically analyzing the Swift/XRT light curves detected before 2018 July, we find 45 light curves with a measured redshift that monotonically decay as a smooth broken power law. By assuming that the central engines of these GRBs are newly born magnetars, we measure the braking index n of putative millisecond magnetars, due to MD and GW radiations. The inferred braking indices are not close to 3 or 5, but range between them with a normal distribution (n c = 4.02 ± 0.11). We define a dimensionless parameter ℜ, which is the ratio between the MD and GW components, and find that the energy released via magnetar spindown in most GRBs of our sample is dominated by GW radiation for P 0 = 3 ms and ǫ = 0.005 and 0.01. On the other hand, we find that ℜ and the braking index n seem to be anticorrelated within a large systematic error at t = 0, but depend on the values of the parameters P 0 and ǫ. These results suggest that the contribution of GW radiation cannot be ignored, and that a larger braking index leads to GWs dominating the energy released during magnetar spindown if indeed magnetars are operating in some long GRBs.
INTRODUCTION
Millisecond magnetars (namely a rapidly spinning, strongly magnetized neutron stars) are potential candidates for the central engine of gamma-ray bursts (GRBs), which are thought to be from a violent event such as the collapse of a massive star (long GRBs) or the coalescence of two compact objects (short GRBs; Paczynski 1986; Eichler et al. 1989; Usov 1992; Woosley 1993; Thompson 1994; Dai & Lu 1998a,b; MacFadyen & Woosley 1999; Zhang & Mészáros 2001; Metzger et al. 2008; Zhang 2011) . Both gravitational wave (GW) and magnetic dipole (MD) radiations can be generated by the rotating neutron star with an asymmetrical mass arrangement (Zhang & Mészáros 2001; Yu et al. 2010; Metzger et al. 2011; Fan et al. 2013; Lasky et al. 2014; Lasky & Glampedakis 2016; Lü et al. 2018) . The long-lasting Xray plateau emission in both long and short GRBs show observational evidence of ongoing energy injection from magnetar spindown (Fan & Xu 2006; Zhang et al. 2006; Liang et al. 2007; Troja et al. 2007; Lyons et al. 2010; Rowlinson et al. 2010; Bucciantini et al. 2012; Rowlinson et al. 2013; Gompertz et al. 2013; Lü & Zhang 2014; Lü et al. 2015; Gao, Zhang & Lü 2016; Chen et al. 2017; Gibson et al. 2017) . Unfortunately, the GW signal produced via a rotating neutron star is too weak to be detected by the present-day Advanced LIGO and Advanced Virgo (Abbott et al. 2017; Lü et al. 2017; Sarin et al. 2018 ).
The energy reservoir of a millisecond magnetar is the total rotation energy, which reads as
where I is the moment of inertia; and Ω, P , R, and M are the angular frequency, rotating period, radius, and mass of the neutron star, respectively. The convention Q = 10 x Q x in cgs units is adopted. A magnetar spinning down loses its rotational energy via MD torques (L EM ) and GW (L GW ) radiation emissions (Zhang & Mészáros 2001; Fan et al. 2013; Giacomazzo & Perna 2013; Lasky & Glampedakis 2016) ,
where B p is the surface magnetic field at the pole and ǫ = 2(I xx − I yy )/(I xx + I yy ) is the ellipticity describing how large of the neutron star deformation.Ω is the time derivative of the angular frequency, and it can be described with the torque equation (Lasky et al. 2017) ,
where k is a constant of proportionality, and n is the braking index 1 . Traditionally, the physical parameters of magnetars in a GRB study have been estimated by fitting the observed X-ray plateau emission with a magnetar model assuming n = 3 and ignoring the contribution of GW radiation (Troja et al. 2007; Lyons et al. 2010; Rowlinson et al. 2010; Lü & Zhang 2014; Lü et al. 2015) . In principle, the contribution of GW radiation to a rotating neutron star should be considered, and the braking index should not be a constant (Fan et al. 2013; Lasky & Glampedakis 2016) . If this were the case, the accurate estimated value of the braking index becomes very important in understanding the properties of the magnetar and the fraction of energy released as GW and MD radiations (Woan et al. 2018) . Lasky et al. (2017) first proposed constraining the braking indices of magnetars by invoking the X-ray plateau emission of two short GRBs with measured redshifts. However, they used the observed X-ray plateau luminosity, which is equal to the total luminosity (L total ) of the released magnetar energy, to fit the data. In fact, the intrinsic luminosity of GW radiation should not be accounted for when fitting the observed data, although it can affect electromagnetic (EM) emission when GW radiation is dominate in or contributes to the spindown of magnetars. In other words, the Ω(t) does not evolve with time, neither following ∼ t −1/2 (MD-dominated) nor ∼ t −1/4 (GW-dominated) when the time is much longer than the characteristic spindown timescale .
In this paper, by considering the contribution of GW radiation to magnetar spindown, we perform a systematic study of long GRBs, in whose central engine may resid a millisecond magnetar, and investigate constraining the braking index using the X-ray light curves exhibited by the plateau following normal decay emissions of long GRBs. We also try to determine the fraction of energy released by the magnetar as MD and GW radiations if the magnetar is indeed the central engine of those long GRBs.
This paper is organized as follows. Our sample selection and data for the magnetar model fitting are presented in section 2. The result of braking index constraint of magnetar is shown in section 2. In section 3, we roughly calculate the fraction of magnetar energy released as MD and GW radiations. The conclusions, along with some discussions, are presented in Section 4. Throughout this paper, a concordance cosmology with parameters H 0 = 71 km s −1 Mpc −1 , Ω M = 0.30, and Ω Λ = 0.70 is adopted.
SAMPLE SELECTION AND DATA FITTING WITH THE MAGNETAR MODEL
2.1. Sample Selection Our entire sample includes more than 1300 GRBs observed between 2005 January and 2018 July, the X-Ray Telescope (XRT) data of which were selected and downloaded from the Swift data archive and the UK Swift Science Data Center 2 (Evans et al. 2010) . The magnetar signature typically exhibits a shallow decay phase (or plateau) followed by a steeper decay segment (a normal decay for canonical light curves or a very steep decay for internal plateaus) when it is spinning down by losing rotational energy via MD and GW radiations.
Three criteria are adopted for our sample selection. First, we focus on those long GRBs that show such a transition in the X-ray light curves, but required that the decay slope of the steeper decay segment following the plateau phase should be in range of -1 to -2. Those are the typical decay slopes when GW and MD radiations are dominant, respectively 3 (Zhang & Mészáros 2001; Lasky & Glampedakis 2016; Lü et al. 2018) . Second, GRBs with bright X-ray flares 4 observed during the plateau or normal decay phase are excluded from our sample. Those flares are believed to be from later activity of the central engine Peng et al. 2014 ). Third, in order to estimate the intrinsic luminosity of the plateau emission, the redshift for our sample needs to be measured. By adopting these criteria for our sample selection, 45 long GRBs are included in our sample (also see Zou et al. 2018) . Moreover, GRB 060614 is not included in our sample because its properties satisfy the above criteria, a possible kilonova signature in the nearinfrared band points to a compact binary merger origin (Yang et al. 2015) .
Data Fitting with the Magnetar Model
As a neutron star forms when a massive star collapses, its angular frequency evolves with time. The solution of Eq.(3) can be expressed as
where Ω 0 is the initial angular frequency at t = 0, and
(n−1)k is the spindown timescale of the magnetar. The observed luminosity should be equivalent to L EM , namely
is the spindown luminosity of the magnetar.
The observed plateau luminosity of the X-ray emission (L X ), which is calculated in the (0.3-10)keV energy band by assuming 10% radiation efficiency, is equivalent to L obs . Thus, Equation (5) shows the plateau luminosity L X ≈ L 0 for t ≪ τ , and a power-law decay L X ∝ t 4 1−n for later times t ≫ τ . It is worth noting that Eq. (5) recovers the evolution of the luminosity with dominant MD radiation for n = 3, and the spindown timescale becomes the MD-dominated spindown timescale (τ = τ em ). By the same token, for n = 5, the luminosity evolution is consistent with GW radiation dominating the magnetar spindown, and τ = τ gw in this limit (Zhang & Mészáros 2001; Lasky & Glampedakis 2016; Lü et al. 2018; Sarin et al. 2018) . Therefore, we adopt Eq. (5) and combine it with an initial power-law decay L X = At −α to fit the X-ray light curves of our sample. By fitting the X-ray data, one can obtain the parameters of the magnetar model and the power-law component (e.g., A, α, L 0 , τ , and n). An example of the light-curve fitting is shown in Fig.1 , and other samples are shown in this link: http://astro.gxu.edu.cn/info/1067/1530.htm. The fitting results are presented in Table 1 .
RESULTS
Our purpose is to find out the variable braking index of a magnetar in our sample and the energy partition of a magnetar between GW and MD radiations by using Swift/XRT data of long GRBs.
3.1. The braking index of magnetars The top panel of Fig. 1 shows the XRT data, together with our fit using Eq.5 and an initial power law that fits the steep decay phase (dashed-dotted lines) . The solid red curve shows the superposition of the magnetar model and power-law fits. Fig. 2 shows the distribution of the braking indices of the magnetars in our sample. Interestingly, we find that the braking indices are neither close to 3 nor 5, but range between these two values. It is likely a normal distribution with the center value n c = 4.02 ± 0.11. On the other hand, we compare the braking index of our sample with that of all known pulsars in which the long-term spindown is believed to be electromagnetically dominated (Antonopoulou et al. 2015; Archibald et al. 2016; Clark et al. 2016) . From the statistical point of view, the distribution of braking indices of our sample is much larger than the distribution of pulsar braking indices, and it indicates that the millisecond magnetar in our sample is intrinsically different from that in normal pulsar. However, due to the limited data, this difference also seems to be caused by a selection effect. To determine whether the distribution of braking indices of our sample is statistically consistent with the distribution of pulsar braking indices, more observational data in the future is needed.
The fraction of magnetar energy released via GW
and MD radiations The braking index of a magnetar is reflected in the behavior of the energy released. With n = 3, the neutron star is spun down only via a dipole magnetic field in vacuum, while n = 5 implies that the neutron star is spun down through GW radiation (Lasky & Glampedakis 2016; Lü et al. 2018) . However, the fraction of energy released by the magnetar as MD and GW radiations when the value of n in the range of 3-5 remains an open question. In this section, we investigate the evolution with time of the fraction of energy released during magnetar spindown.
Here, we quantify the fraction of energy released by the magnetar by defining the ratio parameter ℜ,
where L 0 , τ , and the braking index n are measured by fitting the X-ray data of long GRBs with the magnetar model. The radius and mass of the neutron star depends on the equation of state. ℜ ≫ 1 implies that the spindown of the magnetar is dominated by MD radiation, while ℜ ≪ 1 implies that the magnetar is spun down through GW radiation. The energy released during magnetar spindown is contributed by both MD and GW radiations when ℜ is close to 1. The bottom panel of Fig. 1 shows ℜ =
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LGW as a function of time by assuming P 0 = 3 ms and ǫ = 0.01 and 0.005 with equation of state GM1 (Lasky et al. 2014; Lü et al. 2018) .
Given the initial parameters P 0 = 3 ms and ǫ = 0.005 and 0.01, the distributions of ℜ tend to normal with center values 0.47 ± 0.09 and 0.12 ± 0.04, respectively. It suggests that a large fraction of GRBs in our sample with energy released during magnetar spindown are dominated by GW radiation for larger ǫ values. Such type of magnetar was also applied in some short GRBs to constrain the ellipticity (Fan et al. 2013; Lasky & Glampedakis 2016) .
On the other hand, we investigate how the initial ratio parameter between L EM and L GW , ℜ, is related to the braking index n. Figure 3 presents the ℜ − n correlation at t = 0 for given P 0 = 3 ms by assuming ǫ = 0.01 and ǫ = 0.005, respectively. There seems to be an anticorrelation between ℜ and n, namely a higher braking index corresponds to a lower ℜ value within a large systematic error. If this anticorrelation indeed exists, it indicates that a higher braking index tends to givenrise to GWdominated radiation for magnetar spindown, and that is consistent with the theoretical derivation in Zhang & Mészáros (2001) . However, the derived ℜ value depends on the equation of state, initial period P 0 , and ellipticity ǫ, which may be constrained by detecting GW radiation and its associated EM emission simultaneously (Lasky et al. 2014; Li et al. 2016; Lü et al. 2018 ).
CONCLUSIONS AND DISCUSSION
The observed X-ray plateau following a steep decay emission in the X-ray light curves of long GRBs is believed to be from the ongoing energy injection of a magnetar and its spindown. In this paper, we systematically analyzed the X-ray light curves of long GRBs detected by Swift/XRT before 2018 July. There are 45 long GRBs with redshifts measured whose X-ray light cueves exhibited a plateau following a steep decay emission. By assuming that the central engines of these GRBs are newly born magnetars, we measure the braking index n of the putative millisecond magnetars via the observed X-ray emission with MD and GW radiations. We define a dimensionless parameter ℜ that indicates the fraction of energy released as MD and GW radiations and try to find out the distribution of ℜ initially and its relation with the braking index n. The following interesting results are obtained.
• The inferred braking indices of the magnetars in our sample are neither close to 3 (i.e., for magnetar spindown dominated by MD radiation) nor to 5 (i.e., for magnetar spindown dominated by GW radiation), but range between them. We find that the distribution of braking indices is likely normal with the center value n c = 4.02±0.11. That value is much larger than that for the distribution of known pulsars, where the long-term spindown is believed to be electromagnetically dominated. It indicated that the energy released by the millisecond magnetars in our sample is intrinsically different from those released by normal pulsars if this difference is not from a selection effect.
• The distribution of ℜ tends to normal with center values 0.47 ± 0.09 and 0.12 ± 0.04 for P 0 = 3 ms and ǫ = 0.005 and 0.01, respectively. It indicates that for a small fraction of GRBs in our sample, the energy loss during magnetar spindown seems to be MD-dominated.
• The ratio parameter ℜ and braking index n seem to be anticorrelated within a large systematic error at t = 0, although it depends on the values of parameters P 0 and ǫ. It suggest that a larger braking index leads to GW dominating the energy released during magnetar spindown.
The braking indices of most long GRBs in our sample range from 3 up to 5, but a small fraction of long GRBs fall out of this range. Several possible models discussed in the literature are invoked to explain the observed anomalous n < 3 braking indices. For example, a twisted magnetosphere consisting of a strong mixed poloidal-toroidal field increases the spindown torque in comparison to orthogonal vacuum dipoles (Thompson et al. 2002; Kiuchi et al. 2011; Turolla et al. 2015) , or a different magnetosphere that is dipole force-/twist-free is used (Contopoulos & Spitkovsky 2006) . Another possible explanation for < 3 braking indices is related to the evolution of the included angle, which is the angle between the spin axis and its surface dipole magnetic field axis (Lyne et al. 2013; 2015) , or to the momentum loss during a neutron star spindown due to both dipole radiation and a episodic or continuous particle winds (Harding et al. 1999 ).
In comparison to the possible explanations for n < 3 braking indices, there are fewer proposed models for interpreting the n > 5 braking indices. For example, if the magnetar spindown is through unstable r modes, then the braking index can be as large as 7 (Owen et al. 1998 ). However, the braking index of a magnetar for unstable r modes is also insensitive to both microscopic details and the saturation amplitude. If this is the case, the true value of the braking index can be in range of 5-7 (Alford & Schwenzer 2014 , 2015 . On the other hand, the ratio parameter ℜ depends on the initial period and ellipticity of the magnetar in our calculations, and the true value of ℜ can be constrained if the initial period of the ellipticity can be measured by using independent methods in the future.
We acknowledge the use of the public data from the Swift data archive and the UK Swift Science Data Center. . Right: derived the ration between luminosity of EM and GW radiation as function of braking index with ε = 0.01 (black solid points) and ε = 0.005 (blue solid diamond). The horizontal dash-dotted line is ℜ = 1, and two vertical dash-dotted lines are n = 3 and n = 5, respectively.
